Abstract. The electronic properties of materials change substantially when size and shape are reduced to the nanometre scale. In this study we focus on the size dependence of the dielectric function in novel TiO 2 anatase nanoplatelets. Measurements of the dielectric function are obtained by electron energy-loss spectroscopy (EELS) in the scanning transmission electron microscope (STEM). We present data collected from platelets along the [002] and [200] zone axes and observe that interpretation of the size effects requires a full understanding of the anisotropic effects on the energy-loss function. First principles DFT calculations of the bulk energy-loss function are used as an aid to the interpretation of crystal orientation effects on the EEL spectrum.
Introduction
One-dimensional (1D) anatase TiO 2 nanostructures have attracted much interest due to numerous potential applications such as photocatalysis, dye-sensitized solar cells and lithium-ion batteries [1], [2] . This is due to their novel intrinsic properties which strongly depend on shape and size, especially of the exposed facets. For device development it is of particular importance to characterize the dielectric function of these structures, which differs from that of the bulk system. We have investigated the dielectric behaviour of anatase nanoplatelets by combining scanning transmission electron microscopy (STEM) with electron energy-loss spectroscopy (EELS). In the case of uniaxial materials such as TiO 2 the electron energy-loss spectrum is affected by the crystal anisotropy. Therefore, when studying size effects in uniaxial systems, anisotropic effects need to be considered. By varying the convergence and collection angles in EELS it is possible to probe the anisotropy of the inelastic scattering [6] and decouple its effects from the study of the size dependence. In this contribution, challenges to measure the dielectric function of anisotropic anatase nanostructures are discussed. Experimental results are presented together with density functional theory (DFT) calculations of the energy-loss function for the bulk case.
Experimental methods
TiO 2 anatase nanoplatelets were synthesized via hydrothermal reaction of titanium (IV) isopropoxide and hydrofluoric acid as described elsewhere [2] . TEM samples were prepared by suspending the platelets in water and depositing the solution on a standard holey carbon film grid. TEM sample preparation of bulk anatase was obtained using a Ga focused ion beam system (FEI Helios NanoLab™ DualBeam™) with different probe sizes. The milling areas were gradually reduced to obtain 100 nm and HRTEM experiments were performed on an FEI Titan microscope operating at 300 kV. The high angle annular dark field (HAADF) inner and outer collection angles were of 12.8 mrad and 63.7 mrad respectively. The EELS spectra were recorded with a Gatan Tridiem 865 EEL spectrometer, with an energy dispersion of 0.05 eV/channel. The convergence and collection semi angles were of 10 mrad and 11.3 mrad respectively. The angles were experimentally calibrated using a known diffraction pattern. The energy resolution, determined as the full width at half maximum (FWHM) of the zero loss peak (ZLP), was 0.75 eV. EELS data were acquired using the Gatan Digiscan software and corrected for the dark current and the gain variation of the CCD detector. A spatial drift correction was applied every 3 pixels to minimize the effects of sample drifting during acquisition. First principles calculations of the anatase energy-loss function were performed using the full potential linearized augmented plane wave WIEN2k program [3] , in the generalized gradient approximation (GGA). The cutoff of the plane-wave expansion was set as R MT × K max = 7. For the calculation of the energy-loss function, the sampling of the Brillouin zone was of 1000 total k points. The GGA eigenvalues were computed up to 80 eV above the Fermi level. A "scissor operator" was introduced to displace the valence and the conduction bands relative to each other by a rigid shift of 1.2 eV. Finally, a Lorentzian broadening of 0.6 eV was applied to the theoretical results to account for the energy resolution of the EELS experiments. Figure 1 (a) shows a bright field TEM image of the platelets. The structures were generally found to be rectangular with an edge length of 20 -60 nm. The thickness of the platelets was measured in HRTEM to be about 5 nm in the [200] direction (figure 2 (b)). The crystallographic structure of TiO 2 anatase was confirmed by selected area electron diffraction (SAED) (inset in figure 1(a) ) and HRTEM. Figure 1 EELS data were obtained for both [002] and [200] oriented structures along a line spectrum as shown in figure 2. The illustrated spectra were selected for different positions of the STEM probe along this line. All regions of interest were chosen to be overhanging a hole in the carbon support. As the energy-loss suffered by the incoming electrons is directly proportional to the thickness of the sample, the intensity of the inelastic signal is at the noise level. To get an intense inelastic signal, the spectra were recorded by applying an appropriate drift-tube offset, with an acquisition time of 1 and 0. was calibrated using the mean position of the ZLP. The intensity of the signals was normalized to the intensity of the ZLP at 0 eV. Significant differences in the intensities, number and position of the peaks in the low loss spectra were found between the two orientations below the titanium M 2,3 edge at 50 eV, in both the penetrating and aloof geometry (electrons travelling at short distance from the surface). These differences are mainly due to surface excitations that dominate in the case of figure  1(c) . The energies at which surface electronic transitions occur are currently object of investigation. To unambiguously identify the nature (surface and volume plasmons, interband transitions and relativistic losses) of all peaks in figure (b) and (c), the effects of the crystallographic orientation on the energy-loss function must firstly be understood. Typically for anisotropic materials such as TiO 2 , the structure of the EEL spectrum depends on the orientation of the sample. This is because particular electronic transitions may occur for a specific direction of the momentum transfer with respect to the crystal orientation. Due to the conservation of momentum in any inelastic scattering event, the direction of the momentum transfer vector q varies, for a given energy-loss, with the scattering angle θ, changing from parallel to perpendicular to the electron beam as θ increases. Usually, in a STEM/EELS experiment the collection angle of the scattered electrons is such that the momentum transfer vector is given by a combination of the parallel and perpendicular components to the electron beam. Thus, varying the collection geometry in the electron microscope allows selecting a specific direction, or angular range, of the momentum transfer vector. The experimental study of the orientation dependent EEL of bulk TiO 2 thin samples is currently under investigation. Very few studies can be found on the experimental q dependence of the low energy-loss region [4] . This is because the crossover between the components of the momentum transfer vector occurs near the characteristic energy loss angle 2θ E [5] which, for 300 kV incident electrons and energy losses of few electronvolts, is less than 1 mrad. In this condition, the convergence angle is as large as or larger than the collection angle, two effects that can mislead the interpretation [6] . As a first approximation, the angularly integrated energy-loss function can be expressed as a linear combination of the principal components of the dielectric function ε xx (E) and ε zz (E) for tetragonal TiO 2 , where x, y and z directions coincide with the crystal Cartesian axes. Figure 3 compares the calculated energy-loss function for different linear combinations of ε xx (E) and ε zz (E) with the experimental energy-loss function measured for the [200] bulk anatase sample. The EEL spectrum was obtained summing all spectra at each pixel of the scanning area. The acquisition time per pixel was of 0.5 seconds. All spectra were deconvoluted by the ZLP and multiple scattering using a reflected tail method as implemented in DigitalMicrograph TM . It was found that the experimental spectrum is indeed given by a combination of ε xx (E) and ε zz (E). However a mismatch in the absolute intensities suggests that this combination is not linear [7] . Also, the introduction of various effects, such as the convergence of the probe, the thickness of the sample and relativistic effects, into the simulation of the energy-loss function have been proven to be important for a satisfying agreement of the peak intensities [8] . 
Results and discussions

Conclusions
The dielectric behaviour of novel anatase nanoplatelets was investigated at the atomic scale using the STEM-EELS method. Significant differences in terms of number, energy position and intensity of the peaks were found between platelets oriented in the [002] and [200] zone axes, suggesting that both crystal orientation and size affect the energy-loss spectrum. The present work motivates to further investigate the effects of crystal anisotropy on the energy-loss function and to determine the correlation with the size effects in nanoscale anatase systems. 
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